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1 1 Abstract 

a; 

We consider the possibility to continue the Zq symmetry of the 
Standard Model to the Technicolor theories. Among the SU (N) Wein- 

■ berg - Susskind models and the SU (N) Farhi - Susskind models for 
. N > 2 only the SU (4) Farhi - Susskind model may possess the men- 

t-h I tioned symmetry. We also show that the hypercharge assignment of 

Minimal Walking SU (2) Technicolor model may be chosen in such a 

■ way that the additional discrete symmetry is preserved. 

o ' 

£r '■ 1 Introduction 

o ■ 

The Standard Model with the fundamental scalar Higgs field is known to 
^ ■ have serious problems at the energies of the order of 1 Tev. From the point 

of view of perturbation theory this scale appears in the so-called Hierarchy 
problem pQ. Namely, the mass m 2 for the scalar field receives the quadrati- 
cally divergent contribution in one loop. Therefore, formally the initial mass 
parameter (m 2 = —Xv 2 , where v is the vacuum average of the scalar field 
while A is its self - coupling) should be set to infinity in such a way that 
the renormalized mass m 2 R remains negative and finite. This is the content 
of the so-called fine tuning. It is commonly believed that this fine tuning 
is not natural jl] and, therefore, the finite ultraviolet cutoff A should be set 
up. From the requirement that the one-loop contribution to m 2 is less than 
lOlm^l one derives that A ~ 1 TeV. This problem appears also in lattice 
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nonperturbative study (see, for example, [21 El)- Thus it is natural to con- 
struct the new theory, which describes Tev - scale physics and provides the 
spontaneous breakdown of Electroweak symmetry. 

QCD is usually considered as the self consistent quantum field theory 
contrary to the Weinberg - Salam model. Therefore it is natural to construct 
the new Tev scale theory basing on the analogy with QCD. This program is 
realized in the so - called Technicolor theory [H El E]- Namely, the new Non- 
abelian gauge interaction is added with the scale Ktc ~ 1 Tev, where Atc is 
the analogue of Aqcd- This new interaction is called Technicolor. The cor- 
respondent new fermions are called technifermions. The Electroweak gauge 
group acts on the technifermions. Therefore, breaking of the chiral sym- 
metry in Technicolor theory causes Electroweak symmetry breaking. This 
makes three of the four Electroweak gauge bosons massive. However, pure 
Technicolor theory cannot explain appearance of fermion masses. 

In order to make Standard Model fermions massive extra gauge interac- 
tion may be added, which is called Extended Technicolor (ETC) [HE]. In 
this new gauge theory the Standard Model fermions and technifermions enter 
the same representation of the Extended Technicolor group. Unfortunately, 
the first ETC models suffer from the extremely large flavor - changing am- 
plitudes and unphysically large contribution to the Electroweak polarization 
operators [I]. The way to overcome these problems is related to the behavior 
of chiral gauge theories at large number of fermions or for the high order rep- 
resentations. Namely, the near conformal behavior of the Technicolor model 
allows to suppress dangerous flavor changing currents as well as to decrease 
the contribution to the S - parameter [9] . (It is worth mentioning, how- 
ever, that the generation of t - quark mass in these models still causes serious 
problems.) 

There is a great number of Technicolor and Extended Technicolor models. 
That's why it is important to find a general principle, which may help to make 
a choice. The present paper is an attempt to extract such a principle from 
the additional Z$ symmetry of the Standard Model. It has been found long 
time ago, that the spontaneous breakdown of S77(5) symmetry in Grand 
Unified Theory actually leads to the gauge group 577(3) x SU(2) x U(l)/Z 6 
instead of the conventional SU(3) x 577(2) x U{1) (see, for example, [10] 
and references therein). However, the Z§ symmetry is not the subject of 
the 577(5) unification only. Actually, the Zq symmetry is present in the 
Standard Model itself without any relation to the particular Unified theory 
[TT| [T2"j [T5| dH [T3] . The Z 6 symmetry is rather restrictive and it forbids, for 
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example, the appearance of such particles as left - handed Standard Model 
fermions with zero hypercharge. It was shown in [TT], that the Unified models 
based on the Pati - Salam scheme may possess the Z§ symmetry. Besides, 
it was found that in the so - called Petite Unification models (also based on 
the Pati-Salam scheme) the additional discrete symmetry is present (Z2 or 
Z 3 depending on the choice of the model) [16]. 

Here we suggest the way to continue the mentioned Z 6 symmetry to Tech- 
nicolor theories. Then we require that the Technicolor models possess this 
additional discrete symmetry and find, that this requirement gives an essen- 
tial restriction on the choice of Technicolor theory. As it was shown in [16 j , 
the observability of the Z e symmetry of the Standard Model is related to 
the monopole content of the Unified theory. We do not need to know the 
details of the Unified model. The appearance of the additional Zq symmetry 
restricts essentially the monopole content of the Unified theory. In this paper 
we demonstrate that the same is valid for the theory that unifies Technicolor 
theory with the Standard Model. Usually the role of the Unified theory for 
Technicolor and Standard Model interactions is played by Extended Tech- 
nicolor. Thus the additional discrete symmetry of the Technicolor should 
restrict the monopole content of Extended Technicolor. 

The paper is organized as follows. 

In section 2 we remind the reader the content of the additional Z 6 sym- 
metry of the Standard Model. 

In section 3 we suggest the way to continue the Z$ symmetry of the 
Standard Model to its Technicolor extension. 

In section 4 we consider the possibility to continue the given additional 
discrete symmetry to the minimal Technicolor model by Weinberg and Susskind. 

In section 5 we consider in the same context Technicolor model by Farhi 
and Susskind. 

In section 6 we consider the relation between the additional discrete sym- 
metry of the Technicolor models and the monopole content of the Extended 
Technicolor models. 

In section 7 we show that minimal walking Technicolor model may be 
constructed in such a way, that it preserves the additional Z e symmetry. 

In section 8 we end with the conclusions. 
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left-handed leptons 




right-handed leptons 


TUe¥ 


left-handed quarks 


1 e 3 ° 


right-handed d, s, and, b - quarks 


T-i —8 

1 es 


right-handed u, c, and, t - quarks 


Ue li> 


the Higgs scalar field 



2 Zq symmetry 

Here we remind the reader of what we call the additional Zq symmetry in 
the Standard Model. 

For any path C, we may calculate the elementary parallel transporters 

T = P exp(i J^Cdx'") 

U = Pexp(zjf,4W) 

e w = exp(z / B^dx*), (1) 
Jc 

where C, A, and B are correspondingly SU(3), SU{2) and U{1) gauge fields 
of the Standard Model. 

The parallel transporter correspondent to each fermion of the Standard 
Model (or to the scalar Higgs) is the product of the elementary ones listed 
above. Therefore, the elementary parallel transporters are encountered in 
the theory only in the combinations listed in the table. 

It can be easily seen [TTJ that all the listed combinations are invariant 
under the following Z 6 transformations: 

U -> Ue inN , 
9 -> 6 + nN, 

r _> re^M", (2) 

where N is an arbitrary integer number. This symmetry allows to define the 
Standard Model with the gauge group SU(3) x SU{2) x U{l)/Z (Z = Z 6 , 
Z 3 or Z 2 ) instead of the usual SU{3) x SU(2) x U{1). 

As it was mentioned in the introduction, the fact that the Standard Model 
may have the gauge group SU(3) x SU(2) x U(l)/Z 6 can be recognized 
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during the consideration of the SU(5) unified model [TO]. The 577(5) parallel 
transporter at low energies has the form 



where T, U, and e are the elementary parallel transporters of the Standard 
Model. ([3]) is obviously invariant under ([2]), which means that the breakdown 
pattern is SU(5) -> SU(3) x SU{2) x U(l)/Z 6 , and not SU(5) -> 5£/(3) x 
5C/(2) x £7(1). 

On the level of perturbation expansion around flat vacuum the mentioned 
versions of the Standard Model are indistinguishable. In [16] it was shown 
that the situation is changed if one considers the Standard Model in space 
of nontrivial topology, or, to be embedded into the unified model with the 
simply connected gauge group. Then the monopole content of the unified 
theory is completely different for the mentioned versions of the Standard 
Model. Petite Unification Theory [17] gives an example of realistic theory, 
in which the unification of interactions occurs at the Tev scale. In this 
theory due to the additional discrete symmetry of the Standard Model the 
topologically stable monopoles may appear with the masses of the order of 
10 Tev [S]. 

3 How to continue Zq symmetry to the Tech- 
nicolor models 

It is worth mentioning that the additional discrete symmetry is rather re- 
strictive. Namely, for the Standard Model the requirement that the fermion 
parallel transporters are invariant under Zq gives the condition for the choice 
of the representations that are allowed for the Standard Model fermions. Say, 
the left - handed SU(2) doublets with zero hypercharge are forbidden. 

The nature of the given additional symmetry is related to the centers Z3 
and Z 2 of SU{2>) and SU{2). This symmetry connects the centers of 577(2) 
and 577(3) subgroups of the gauge group. We suggest the following way to 
continue this symmetry to the Technicolor extension of the Standard Model. 

We connect the center of the Technicolor group to the centers of SU(3) 
and SU (2). Let SU(Ntc) be the Technicolor group. Then the transformation 
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([2D is generalized to 



Ue inN , 
6 + irN, 

p e (27ri/3)iV 

Q e (27ri/N TC )N ^ ^ 

Here G is the SU(Ntc) parallel transporter. The parallel transporters cor- 
respondent to the new fermions of the theory should be invariant under (j3J). 
It should be mentioned that the resulting symmetry is not the product of Z§ 
and Zn tc - 





4 Minimal Technicolor model of Weinberg and 
Susskind 

We consider here the simplest Technicolor model by Weinberg and Susskind 
[5] (see also [I] and references therein). The model contains technifermions 

(5) 

The hypercharge assignment is Y = for the left - handed technifermions 
and Y — ±1 for the right - handed ones. Index a corresponds to the Tech- 
nicolor group SU(Ntc)- The model has local SU(2)l gauge symmetry and 
global SU(2)fi symmetry. Chiral symmetry breaking provides breakdown of 
Electroweak symmetry and formation of massive W and Z bosons. One can 
also consider Np ^ 1 copies of technifermions. 

Now we require that the parallel transporters correspondent to the tech- 
nifermions are invariant under (j3J). This leads to the following condition: 

+ 7fN = 2irk(N), k(N) E Z (6) 

Ntc 

The only solution of this equation is Ntc — 2, k(N) = N. Thus we 
conclude that the Technicolor model of Weinberg and Susskind is invariant 
under the extention of Zq symmetry of the Standard Model if the Technicolor 
group is SU(2). The correspondent additional symmetry is Zq. The given 
Technicolor Extention of the Standard model is, therefore, allowed to have 
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the gauge group SU(2) ® SU(3) x SU{2) x C/(l)/Z 6 instead of SU{2) <g> 
SU(3) x 517(2) x 17(1). 

It is worth mentioning that the 577(2) Technicolor interactions alone suf- 
fer from the vacuum alignment problems. In order to demonstrate this let 
us remind briefly the consideration of [21]. We define the field 



rpa,a 
B a,a 



e aa '[T£ a '}* 



(7) 



(Here a,j3,a,/3 are spinor indices. The conventional four component spinor 
T is composed of the two component spinors as T = (T#, T|, €i a T£, e 2a T^) T .) 

Q a > a transforms as a left - handed dotted spinor under SL(2, C) and as 
an element of fundamental representation under Technicolor 577(2). If the 
Electroweak interactions are switched off the Technicolor lagrangian is invari- 
ant under the global SU(A) symmetry. The SU(2) and 57(2, C) invariant 
bilinear combination of Q is 



/3,6 



®AB — ^ab^apQX Qb 



(8) 



where A, B are SU(4) indices. 

The low energy effective potential V($) is invariant under the action of 
SU(4) on $. The correct vacuum value of $ is chosen when the SU(4) 
breaking perturbations are taken into account. This process is known as 
vacuum alignment [21]. 

The conventional Electroweak vacuum corresponds to the value of $ pro- 
portional to 









V o 



1 



o / 



(9) 



The correspondent chiral condensate is (5o&£a/3pfl ] 
However, the following value is also admitted 



+ 5 a b€ a /3 



/ 1 \ 

-10 

1 
0-10/ 



'Br). 



(10) 
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In this case the condensate is (e a fce aj gTf a B L + e ab e Q/3 [T^ a ] + [7?^ ] + ) and the 
Electroweak £77(2) remains unbroken while photon becomes massive. 

In general the chiral symmetry breaking is a rather complicated phe- 
nomenon and its physics is still not understood in sufficient details. There- 
fore, it is not completely clear which one of the two mentioned possibilities is 
realized. The analysis of [21] shows that the small perturbations due to the 
Electroweak interactions choose such a vacuum that the Electroweak symme- 
try is broken in a minimal way, i.e. the sum of squared gauge boson masses 
is minimized. With this rule we come to the conclusion that in the SU(2) 
Weinberg - Susskind model the second of the two possibilities mentioned 
above is realized and the Electroweak symmetry is broken incorrectly. 





( u; 


D a ) ' 

1 / L 


[d? 


N a \ 


f N a 


Ea )l 


\ E a 



5 Farhi-Sasskind model 

The model 0, H] contains four doublets 



' R 

I • (11) 

R 

Here a is the Technicolor SU(Ntc) index while index % corresponds to the 
color group SU (3). Colored fermions are called techniquarks, while the others 
are called technileptons. The hypercharge of the left - handed technileptons 
is denoted as Yjj. The hyper charges of the right - handed technileptons 

1 2 1 1 1 

are denoted as Y R ' . The hypercharge of the left - handed techniquarks is 
denoted as Y£. The hypercharges of the right - handed techniquarks are 
denoted as (Y c )]f. The conventional chiral condensates are invariant under 
the electromagnetic U(l) transformations if Y^' 2 = Yl ± 1, {Y c )]f — Y£ ± 1. 

The theory is anomaly - free if Yl + 3Y[ = 0. Let us now require that the 
model is invariant under the additional symmetry Thus we must have 



-^- + ! + l + r L c ]mod2 = 



Y L + 3Y L C : 



y L ]mod2 








;i2) 
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The given system of equations has the two sets of solutions: 

1) N TC = 2, Y£ = -f , Y L = 2(1 — 3k), k E Z; 

2) N TC = 4,Y£ = -^Y L =\- 6k,ke Z. 

Thus only groups 577(2) and 5(7(4) may serve as Technicolor groups of 
Farhi-Sasskind model if we require that the theory possesses the additional 
symmetry (j4J). The following groups may be the gauge groups of the corre- 
spondent extensions of the Standard Model: 

577(2) ® 577(3) x SU(2) x U(l)/Z e (13) 

or 

5(7(4) <g> 5(7(3) x 5(7(2) x U(l)/Z 12 (14) 

It was already mentioned that the SU(2) Technicolor interactions in the 
Weinberg - Susskind model suffer from the vacuum alignment problems. In 
the same way in the 577(2) Farhi - Susskind model such problems appear 
in the technilepton sector [2 1J . For this reason among the two models with 
Technicolor groups SU{2) and 5(7(4) that preserve an additional discrete 
symmetry the preferred Technicolor Farhi - Susskind model is the one with 
the 5(7(4) group. 

6 The unification of Technicolor and Stan- 
dard Model interactions 

In this section we demonstrate how, in principle, the Technicolor and the 
Standard Model interactions may be unified in a common gauge group. We do 
not discuss here the details of the breakdown mechanism and how the chiral 
anomaly cancellation is provided within the given scheme of Unification. Our 
aim here is to demonstrate how the additional discrete symmetry (j4J) may 
appear during the breakdown of Unified gauge symmetry. 

For the definiteness let us consider N TC = 4. Let 5(7(10) be the Unified 
gauge group. The breakdown pattern is SU (10) -> 5(7(4)® 5(7(3) x 5(7(2) x 
Z7(l)/Zi2. We suppose that at low energies the 5(7(10) parallel transporter 
has the form: 
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e 5(7(10), (15) 
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The fermions of each generation carry indices ik of the fundamen- 

tal representation of S77(10) and the indices jk of the conjugate representa- 
tion. They may be identified with the Standard Model fermions and Farhi - 
Susskind fermions as follows (we consider here the first generation only): 

^ = e R ; *g = „ a ; = ( J| ) 5 

= dl R ; K% = n = 

■ ■ ( TJ isiA \ 

V|>*3 _ nc . ,T>«3 TTC . ^2*4 — I W L 

(* 2 = 8,9;* 3 = 5,6,7;*4 = 1,2,3,4); (16) 

Here the charge conjugation is defined as follows: /? = e^f/' 3 ]*. 

In principle the fermion content of the Unified model should be chosen in 
such a way that the anomalies are cancelled. Moreover, some physics should 
be added in order to provide "unnecessary" fermions with the masses well 
above 1 Tev scale. Besides, one must construct the unambiguous theory in 
such a way that at low energies the parallel transporters indeed have the 
form ([15]) . All these issues are to be the subject of an additional investiga- 
tion. For now, however, let us suppose that this program is fulfilled. Then 
all parallel transporters in the theory are invariant under (J3J) in a natural 
way. The gauge group S77(10) is simply connected. That's why the Unified 
theory should contain monopole - like topological objects. The similar sit- 
uation was considered in |16j . where the Unification of the Standard Model 
interactions was considered. In particular, monopole configurations with the 
usual magnetic flux 2tt and hypercharge flux it must be present. (Electro- 
magnetic field is expressed through the 577(2) field A and the hypercharge 
field B as follows: A em = 2B + 2 sin 2 Owi^A^ — B).) It is worth mentioning 
that the monopoles with the usual magnetic flux Am cos 2 #w are also present 
in this theory. 

Let us now suppose that the Unified theory is constructed in such a way 
that the breakdown pattern is G -> SU(4) <g> 3U(3) x SU(2) x U(l). We also 
suppose that the hypercharges of the fermions are rational numbers 5 with 
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integer P and Q, where the maximal value of Q is 3. Then the monopole 
content of the Unified theory is essentially different. Namely, the minimal 
hypercharge flux is 6ir while the usual magnetic is 127TCOS 9\y. 

Thus, there is an essential difference between the monopole contents of 
the Unified models in the two considered cases. Namely, in the presence of 
symmetry (J3J), the monopoles with magnetic flux proportional to 2tc appear, 
while in the opposite case they do not appear. 

The considered SU (10) interactions may be included into the sequence 
of Extended Technicolor interactions. Then the S77(10) gauge group plays a 
role in the fermion mass formation mechanism. 

7 Minimal walking Technicolor 

Technicolor models with their chiral symmetry breaking are able to provide 
breaking of Electroweak symmetry. But these models alone cannot provide 
fermions with realistic masses. Standard Model fermions become massive if 
they may be transformed into technifermions, say, with ejecting of the new 
massive gauge bosons. Then the quark and lepton masses are evaluated at 
one loop level as m Q i ~ — tt- 2 ^, where Atc is the Technicolor scale while 

A ETC 

Aetc is the scale of the new strong interaction called Extended Technicolor. 
(Spontaneous breakdown of Extended Technicolor symmetry gives rise to the 
mass of the new gauge bosons of the order of A ETC .) 

The number of fermions (arranged in the fundamental representation of 
the Technicolor group) for which the behavior of the model becomes confor- 
mal can be evaluated |8] as Nf ~ 4Ntc- in this case the effective charge 
becomes walking instead of running [18]. In the correspondent ETC theory 
the flavor changing processes may be suppressed, which allows to approach 
to the realistic description of the generation of the Standard Model fermion 
masses. It is worth mentioning, however, that the realistic top quark mass 
cannot be generated in this way without causing additional problems in the 
theory. That's why the top quark mass generation should be a subject of 
an additional efforts in ETC model - building (see, for example, [Hj). In 
the Farhi-Susskind model conformal regime is approached for the number of 
technifermion generations No equal to N& = 2 at Ntc — 4. 

1 If the maximal value of Q is Q max > 3 then the magnetic flux of the monopole is 

4Q 

mace 71 " COS 9\\r . 
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If the technifermions are arranged in the fundamental representation of 
the walking Technicolor model, the perturbative contribution to S parameter 
still remains dangerously large [9J. One way to avoid this problem is to 
consider higher representations of Technicolor group. The minimal choice 
here is Ntc — 2 with the one generation of technifermions from the two 
- index symmetric representation of SU(2). This minimal model contains 
technifermions symmetric in Technicolor SU(2) indices a and b: 



Here extra generation of Standard Model leptons is added in order to cancel 
chiral anomaly. In this model the contribution to S - parameter is suffi- 
ciently smaller than for the model with technifermions from the fundamental 
representation [9]. 

The anomaly is absent if 3Y£ + Yl = 0, where Y£ is the hypercharge 
of the left-handed technileptons while Yl is the hypercharge of the new left 
- handed leptons that are Technicolor singlets. It is important, that the 
given two - index representation of Technicolor SU (2) group does not feel 
the center of SU(2). Therefore, the parallel transporters correspondent to 
the new fermions are invariant under (j3J) with Ntc = 2 if 



The solution is Y£ = —-^,Yl = 3(1 — 2k), k G Z. Thus we conclude, 
that the minimal walking Technicolor model can be made invariant under 
the extension of the Zq symmetry of the Standard Model. 

Let us also notice here that in the given model the vacuum average 



^cd^^U a jf' a D b L Afi + e cd e ab e af3 [U'^ c ' a } + [D b I f' l3 } + ) may appear instead of the 
conventional (e cc ze a6 e Q/3 [^' c ' Q ] + L r y ,/3 + e cd e ab e af3 [D a £ c ' a ] + D b jf' p ) . If so, the 



Electroweak symmetry would not be broken properly. However, it can be 
shown [21], that in this case the sum of squared gauge boson masses is larger, 
than for the conventional breakdown. That's why the preferred vacuum ori- 
entation in this case is the conventional one. 



a.b 




(17) 



[1 + Y L c ]mod2 = 
[1 + F L ]mod2 = 
Y L + 3Y£ = 



(18) 
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8 Conclusions 



In this paper we suggest the way to continue the Z 6 symmetry of the Standard 
Model to the Technicolor theory. 

We have found that the minimal Technicolor model of Weinberg and 
Susskind may possess the suggested additional discrete symmetry only for 
Ntc = 2. In the Farhi - Susskind model there are two possibilities: Ntc — 2 
and Ntc — 4, for which the theory contains the additional discrete symmetry 
(correspondingly, Z 6 and Zyi). In the latter case the complete theory can be 
constructed with the gauge group S77(4) x SU(3) x SU(2) x U(l)/Z 12 . It is 
worth mentioning that the SU(2) Weinberg - Susskind and Farhi - Susskind 
models suffer from the vacuum alignment problems. That's why we do not 
consider them as realistic and the only possibility remains that is the SU(4:) 
Farhi - Susskind model. Our investigation of the SU(2) minimal walking 
Technicolor model shows, that the hypercharge assignment can be chosen in 
such a way that the theory possesses an additional Z e symmetry. 

We also have considered a possible Unification of Technicolor and Stan- 
dard Model interactions. It is shown that there is a strong relation between 
the monopole content of the Unified Model and the appearance of the addi- 
tional discrete symmetry in the Technicolor theory. Namely, the topologically 
stable monopoles with the magnetic flux 2tc cannot appear if the additional 
discrete symmetry is absent. Thus if the appearance of such monopoles is rec- 
ognized as necessary, then the imposing of the additional discrete symmetry 
on Technicolor is preferred. 

Let us remind here that the additional discrete symmetry is rather re- 
strictive. For the Standard Model the requirement that the fermion parallel 
transporters are invariant under Z 6 provides the important condition for the 
choice of the representations, in which the Standard Model fermions may 
be arranged. So, if the Technicolor model must necessarily preserve the ad- 
ditional discrete symmetry, we would have an important restriction on the 
choice of the Technicolor gauge group. The minimal walking Technicolor 
model and the SU (4) Farhi - Susskind model satisfy this conditional 

This work was partly supported by RFBR grants 05-02-16306, 07-02- 
00237, 08-02-00661, and 09-02-00338. 

2 Actually, due to the well - known problems in ETC model building we also do not 
exclude that the Technicolor theory, which gives rise to the Electroweak symmetry breaking 
may be supplemented with the mechanism of fermion mass generation different from that 
of ETC. 



13 



References 

[1] J. A. Casas, J.R. Espinosa, I. Hidalgo, |hep-ph/0607279 



F. del Aguila, R. Pittau, Acta Phys.Polon. B35 (2004) 2767-2780 
[2] B.L.G. Bakker, A.I. Veselov, and M.A. Zubkov. la?Xiv:0707. 10171 
[3] A. I. Veselov, M.A.Zubkov, JHEP 0812:109,2008 

[4] Christopher T. Hill, Elizabeth H. Simmons, Phys.Rept. 381 (2003) 235- 
402; Erratum-ibid. 390 (2004) 553-554 



Kenneth Lane, hep-ph/0202255 



R. Sekhar Chivukula, hep-ph/0011264 



[5] S.Weinberg, Phys.Rev.D 13, 974, 1976 
L.Susskind, Phys.Rev.D 20, 2619, 1979 

[6] E.Farhi, L.Susskind, Phys.Rev.D 20, 3404, 1979 

[7] Thomas Appelquist, Neil Christensen, Maurizio Piai, Robert Shrock, 
Phys.Rev. D70 (2004) 093010 

Adam Martin, Kenneth Lane, Phys.Rev. D71 (2005) 015011 

Thomas Appelquist, Maurizio Piai, Robert Shrock, Phys.Rev. D69 
(2004) 015002 



Robert Shrock, hep-ph/0703050 



Adam Martin, Kenneth Lane, Phys.Rev. D71 (2005) 015011 

Thomas Appelquist, John Terning, L.C.R. Wijewardhana, 
Phys.Rev. Lett. 79 (1997) 2767-2770 

Neil D. Christensen, Robert Shrock, Phys.Rev. D72 (2005) 035013 

Masafumi Kurachi, Robert Shrock, Koichi Yamawaki, hep-ph/0704.3481 

T. Appelquist, F. Sannino, Phys.Rev. D59 (1999) 067702 

T. Appelquist, P.S. Rodrigues da Silva, F. Sannino, Phys.Rev. D60 
(1999) 116007 



14 



[9] R. Foadi, M.T. Frandsen, T. A. Ryttov, F. Sannino, larXiv:0706. 1696 

Sven Bjarke Gudnason, Chris Kouvaris, Francesco Sannino, Phys.Rev. 
D73 (2006) 115003 

D.D. Dietrich (NBI), F. Sannino (NBI), K. Tuominen, Phys.Rev. D72 
(2005) 055001 

[10] C.Gardner, J.Harvey, Phys. Rev. Lett. 52 (1984) 879 
Tanmay Vachaspati, Phys.Rev.Lett. 76 (1996) 188-191 
Hong Liu, Tanmay Vachaspati, Phys.Rev. D56 (1997) 1300-1312 

[11] B.L.G. Bakker, A.I. Veselov, and M.A. Zubkov, Phys. Lett. B 583, 379 

(2004) ; 

[12] B.L.G. Bakker, A.I. Veselov, and M.A. Zubkov, Yad. Fiz. 68, 1045 

(2005) . 

[13] B.L.G. Bakker, A.I. Veselov, and M.A. Zubkov, Phys. Lett. B 620 (2005) 
156-163. 

[14] B.L.G. Bakker, A.I. Veselov, and M.A. Zubkov, Phys.Lett. B642 (2006) 
147-152 

[15] K.S. Babu, I. Gogoladze, and K. Wang, Phys. Lett. B 570, 32 (2003); 
K.S. Babu, I. Gogoladze, and K. Wang, Nucl. Phys. B 660, 322 (2003); 

[16] M.A. Zubkov, Phys. Lett. B 649, 91 (2007) , Erratum- 
ibid.B655:91,2007. 

[17] Andrzej J. Buras, PQ. Hung, Phys. Rev. D 68, 035015 (2003). 

Andrzej J. Buras, P.Q. Hung, Ngoc-Khanh Tran, Anton Poschenrieder, 
and Elmar Wyszomirski, Nucl.Phys. B 699, 253 (2004); 

Mehrdad Adibzadeh and P.Q. Hung, hep-ph/0705.1154. 

[18] Thomas Appelquist, John Terning, L.C.R. Wijewardhana, 
Phys.Rev.Lett. 77 (1996) 1214-1217 

Thomas Appelquist, Anuradha Ratnaweera, John Terning, L. C. R. Wi- 
jewardhana, Phys.Rev. D58 (1998) 105017 



15 



[19] F. Sannino, arXiv:0804.0182l 

N. Evans and F. Sannino, |arXiv:hep-pn70 512080. 

[20] Thomas Appelquist, Maurizio Piai, Robert Shrock, Phys.Rev. D69 
(2004) 015002 

Thomas Appelquist, Robert Shrock, Phys.Lett. B548 (2002) 204-214 

[21] J. Preskill, Nucl. Phys. B177, 21 (1981); M. E. Peskin, Nucl. Phys. B175, 
197 (1980) 



16 



